ABSTRACT
INTRODUCTION
Modern city lifestyle is contingent on passenger car usage as the main mode of transport. The key problem of city traffic stems primarily from high participation of passenger cars that create high demand, i.e. utilize the greatest proportion of street network capacity (transport system supply), and yet have the lowest specific utility compared to all transport modes in the cities. A particular problem that emerges due to the overuse of passenger cars is an increasingly evident misbalance between demands-the requirements and actual capacity-on parking spaces. Thus the city centre, typically with the greatest concentration of commercial activities, suffers from the greatest spatial concentration of traffic. Within that area, the existing urban facilities limit the number of options when attempting to solve the transport problems and require carefully considered transport and parking policies, as well as their subsystems. The necessity of maintaining the appeal and economic efficacy of city centres creates the need for analyzing the effects of all implemented transport policy measures in the city on the entire user structure.
The journeys motivated by the commutes to work have permanent character, occur daily and are typically conducted in the peak demand periods, in which they predominate. These journeys imply longer stays, compared to those related to shopping, private business, visits, leisure, etc. and thus lead to longer parking space occupancy.
Given the aforementioned experiences in the developed European cities, the main aim of the study presented here was to determine the relationship between limiting the duration of parking space occupancy in the Novi Sad city centre and the transport participants' decision whether to use passenger car or an alternative mode of transport for their journeys. Based on the established interdependence between these parameters, a foundation for the mathematical model of modal commuting trip distribution was formed. Such models can be used to calculate the number of expected car journeys that terminate in the city centre and the proportion of the same users that opt for an alternative mode of transport, as function of limited duration of parking space occupancy. In addition to a range of statistical and logical validity tests, the developed model was tested practically in the Novi Sad city centre.
BACKGROUND RESEARCH
Limiting the duration of stay at car parks, as a transport policy element, is one of the key tools for reducing passenger car usage [1, 2, 3] . The increase of motorization and shortage of parking capacity, as well as requirements of business-and shopping-related traffic necessitated area-wide management of inner city parking facilities in many European cities [4] . Parking policies in these cities include different measures, such as determining the required number of parking spaces, limiting the duration of stay at car parks, establishing parking tariffs as function of demand of different user groups (employed, visitors, residents, etc.). As part of the study COST 342 "Parking Area Policy and its Effects on Mobility and the Economy" [4] , the effect of parking policy in different cities (Graz, Linz, Wr. Neustadt, Vienna, Zurich, Mons, Helsinki, Riga, etc.) in 18 European countries participating in the project was shown.
The parking measures implemented in Bern [5] targeted primarily commuters to work, motivating them to use more environmentally-friendly transport modes, primarily public transport, as the available parking spaces are reserved for city centre visitors. Possibly, the key parking policy instrument is the introduction of the so-called "Blue zones", where during the workdays the stay at car parks is limited to 60 minutes in the period between 8 a.m. and 6 p.m., with 3-hour limit imposed to the stays during the rest of the day. The local residents and companies operating in these zones are given the opportunity to purchase a parking permit that allows unlimited stay at available parking spaces in their district, with daily permits offered to visitors and other users. The positive outcome of the introduction of these measures is a significant reduction of average traffic volume (by 15%), as well as 14% and 21% reduction of morning and afternoon peak period commutes, respectively. In addition, the number of passenger cars in these districts declined by 13%, due to the 10% reduction in available street parking. Consequently, as average parking space occupancy declined by 13%, the local residents can now find available parking more easily and do so faster than before. The key aspect of the introduction of "Blue zones" was the relocation of parking spaces commuters occupy for long periods to other zones and/or their shift to other transport modes. As result, the number of shoppers and visitors increased, as the area became more accessible and attractive to this user group.
A similar strategy, relying on parking zones with limited duration of stay, was implemented in Linz [6] , and its positive effects are most apparent in mitigation of the problems caused by long parking space occupancy, which led to better utilization of available capacity. Traffic volume was also reduced, as the proportion generated by the drivers looking for free spaces was largely eliminated, thus limiting the negative effects on the environment.
In Wiener Neustadt [6] , a study was conducted before and after the implementation of a parking regime based on limited stay and tariffs. The findings revealed that, of all commuters to work who had previously used passenger cars, after the introduction of the policy, 38% chose to use parking spaces in zones not affected by the changes. Private parking spaces and garages were used by 33% commuters to work, 23% opted for an alternative mode of transport and 8% parked illegally on the street.
The effects of the implementation of a new parking regime in Vienna [6] were also examined through two studies-before and after the introduction of tariffed limited stay zones-and the findings showed that a quarter of the visitors that had previously used passenger cars shifted to public transport. In the morning peak period (between 9 and 11 a.m.), the parking space utilization was reduced by about 25% in all zones affected by the new parking regime, with 10% reduction in the evening peak period (8 to 10 p.m.). Moreover, the traffic generated by drivers looking for parking spaces was reduced from 10 million passenger car kilometres annually, to 3.3 million, and the average time taken to find a free parking space declined from 9 to 3 minutes.
In Lisbon [4] , after the introduction of limited stay parking, the public transport utilization increased from 27% to 35%, mostly due to the modal shift of commuting journeys. In addition, the usage of "park-and-ride" system increased from 5% to 8%, whereas 10% to 17% was achieved in those related to commutes to work in the city centre.
METHODOLOGY
For the purpose of developing and testing the model, two studies were conducted in different time periods on the territory of Novi Sad city centre. The first group of measurements of parking characteristics was collected in October 2004 [7] at four car parks, before the parking zones and their corresponding tariffs and controls were implemented. The aim of this first study was a dataset on the key parking characteristics (occupancy, turnover, duration of stay per user, acceptability of parking charges, as well as potential identification of the modal split across alternative means of transport) and identification of input data for the formation of commuter trip modal split model. The qualitative survey data was further analyzed with regards to the car park users' purpose of the visit to the town centre, as commuting trips were segregated from other reasons for travel.
The key assumptions on which the model is formed are (1) that the number of commutes made by passen-gers working in the city centre is equal to the number of parking spaces occupied for the same reason, and (2) the attractiveness of the city centre for commuting to work by any means of transport is constant.
The duration of car park space occupancy (length of stay in the car park) for this group of users was selected as a model input variable. The cumulative distributions of stay (cumulative relative frequencies) were also analyzed and modelled. This enabled the development of a model that identifies the number of passenger car users that will continue to use this mode of transport for work commutes once the measures limiting the duration of stay in the city centre car parks are introduced.
Based on this interdependency, a model for determining the number of commutes for work purposes was developed, after the duration of stay at all city centre car parks has been limited: 
The results of the study conducted in 2009 [8] were analyzed in order to test the model's ability to determine the number of passenger car commutes to the Novi Sad city centre.
The research conducted was aimed at developing NOSTRAM Transport Model [8] at the city centre car parks, where the tariffed parking zone system limiting the duration of stay to maximum 2 hours has already been in place for a considerable time. By comparing the journey distribution by purpose, before and after the introduction of the parking policy in Novi Sad, the effect of these measures on the overall attractiveness of the city centre was analyzed for different user groups (local residents, commuters, visitors, etc.)
MODEL DEVELOPMENT RESULTS
The data pertaining to the number of surveyed car park users that commuted to work and their duration of car park occupancy obtained in the study conducted in 2004 [7] were collated for all four car parks and shown in Table 1 .
In line with the results reported by other authors in this field [9, 10, 11] , while determining variable dependency, it was established that the best results were obtained by applying a logistic curve, thus yielding a functional dependence between duration of car park occupancy and cumulative relative frequency CRF:
Or, in a transformed (linearized) form: 
According to the t-test, the hypothesis on statistical significance of the parameters b0 and b1 was confirmed. 
THE RESULTS OF TESTING THE MODEL ON THE CASE OF NOVI SAD AND THEIR ANALYSIS
The potential for practical application of the developed model and the quality of its output have been tested using the data collected as part of the studies conducted in 2004 [12] and 2009.
The model was applied to commutes to work that terminated in District 1 (Figure 3) .
The number of passenger car work commutes to the city centre in 2004 and the choice of transport mode were sourced from the database created in October 2004 for the purpose of the project aimed at monitoring local and intercity public transport for the Novi Sad area [12] .
In 2004, the total number of daily work journeys using different modes of transport ( Table 4 ) that terminated in the city centre was 7,020, of which 31.8% (2,232) were made by passenger cars.
Assuming specific values for limited duration of car park occupancy and applying the previously developed model (Eq. 1), the number of passenger car work commutes into the city centre was determined ( Table 5) .
The model output results were compared to the findings of the study on parking characteristics conducted in 2009 [8] . In the total number of daily arrivals to the city centre car parks (4,012), passenger car work commutes contribute by 25.4% (1,019). -empirically established value. The data from the same study indicate that 10.9% (111) users who use the same car parks for work purposes have parking permits, which led to the adjustment in the model application ( -model-derived number of passenger car work commutes. The existence of a large number of parking spaces in the parking garage where lower hourly rates and unlimited stay apply results in a greater number of work commutes (40% or 202). Theoretically, if the same restrictions that apply to all other car parks in the city centre were introduced at this location, based on the aforementioned duration of car park occupancy rule, only 57 would continue to use the garage. The same is true for the two city centre car parks with no maximum stay, where the survey revealed 183 work commuters per day. Assuming that the maximum 2-hour stay was imposed, it is estimated that this number would decline to 52. Applying these adjustments, a new empirical value for passenger car work commutes was obtained: -number of passenger car work commutes to the blue zone. By applying these restrictions uniformly across the entire district, the empirical value and the model output converge. Considering that the number of work commutes (7,020) is a fixed value, the passenger car participation in the total number of commuting trips was calculated (Table 6) :
Comparative analysis of other data obtained in the parking characteristics studies conducted before and after the parking zones were implemented in the Novi Sad city centre has shown significant effect of passenger car access restriction policy on the increased attractiveness of this area. Limiting the duration of stay and the introduction of parking tariffs have resulted in the reduction in passenger car work commutes to the city centre and a significant increase in the appeal of this district as a commercial, cultural and recreational travel destination (Figure 4 ).
CONCLUSION
The analysis of the effects of application of new city transport policy measures reveal that the emphasis should be placed on the existing infrastructure optimization, management of transport demand, as well as the promotion of modal split that favors increased utilization of public and other environmentally friendly forms of transport, such as walking and cycling. With respect to transport demand, the measures with the greatest effect on modal split shift from passenger car to other modes of transport are parking tariffs, i.e. cost of parking, limiting the parking space occupancy, and stringent parking control and monitoring measures. Of particular importance for successful development and implementation of these measures is the method of the so-called integrated city transport management [13, 14, 15, 16] .
Following two studies on parking characteristics in Novi Sad city centre, conducted in two different time periods, two very different 'pictures' of parking indicators in this district emerged. The first study relates to the period before the introduction of parking zones with limited duration of occupancy, and the second to the conditions following the implementation of those measures.
Comparative analysis of the datasets these studies yielded revealed a significant reduction in the number of parking spaces occupied by commuters to work. As expected from the parking characteristics analysis that compared the conditions before and after the introduction of the new tariff system, it could be concluded that parking system parameters have a direct and measurable effect on the mode of transport used by commuters to work that terminate their The study results have met the expectations in terms of utilizing the empirical data for developing a model for determining the distribution of passenger car commuting trips as function of limited duration of parking space occupancy. Model parameters meet all statistical conditions necessary for its reliability, suggesting that the hypothesis on statistical significance of the identified parameters can be accepted. Hence, it can be concluded that the mathematical method used has proven the hypothesis that the transport mode used for commutes to work that terminate in the zones with limited duration of parking space occupancy is interrelated with the parking system regime implemented in those zones. To summarize, the study indicates that the parking system measures can be used to manage the modal distribution of transport demand.
Further studies should focus on the impacts of parking system measure relative to the usage of public transport and non-motorized travel modes, bicycle use in particular. Alternative means of transport, primarily public transport, must create conditions that can meet the growing demands, and provide the level and quality of service that would motivate the users to make the modal shift. Secondly, partial implementation of any transport policy or land usage measure cannot yield adequate results. In other words, limiting passenger car access to certain zones is insufficient. Economic sustainability, as one of the aspects of transport system sustainability, implies the right to accessibility, as a precondition for competitiveness and economic viability. The following measures have proven to make a significant impact on transportation demands, especially at peak hour periods: quality of public transport service and various aspects of parking management policy, such as parking fares, limiting duration of stay, limiting available parking spaces etc. In addition to the application of different regulative and economic measures that proved particularly influential in reducing car usage, the implementation of so-called "soft measures" within the last decade has started to gain in significance. Hence, in addition to analyzing and modelling the effects of other parking policy elements, such as parking tariffs, on the modal shift, developing a new model that would enable integrated transport system management in cities will be the next challenge.
Finally, future research should be based on producing a city demand model in order to test different combinations of city transport policies against the total scope of travelling and modal split at peak periods.
